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RESEARCHMEMORANDUM

SKIN-FRICTIONDRAGANDBOUNDARY-LAYERTRANSITIONONA

PARABOLICBODYOFREVOLUTION(NACARM-10)ATA

MACHNUMBEROF1.61NTHELANGLEW4-BY

h-FOOTSUPERSONICI?RESSURETUNNEL

ByK. R. Czarneckia& JackE.Marte

suMMARY ‘

An investigationhasbeenmadeat a Ma;hnumberof1.6andovera—

Reynoldsnumber~ge from2 x 106to ~ x 106oftheskin-~ictiondrag
andboundary-layertransitionofa bodyofrevolution.Thebcdyhada
parabolic-arcprofile,a bluntbase,anda finenessratioof12.2(NACA
ml-lo). Theresultsindicatetheboundarylayerremainedessentially
laminarovertheentirelengthofthemodel,includinga regionof
adversepressuregradientnearthebase,upto a Reynoldsnumberof.
about11x 106. Boundary-layertransitionwasverysensitiveto surface
conditionandoftenoccurredat lowerReynoldsnumbersifthesurface
wasnotmaintainedaerdymamicallyclean.A comparisonoftheboundary-
layertmsition rbsultswiththoseof otherfacilitiesshowsthattid-
tunnelturbulence-or otherflowirregularitieshavea largeeffecton
transitionat supersonicspeeds.

INTRODUCTION

In ofierto realizelongrangesforairplanesandmissilesat super-
sonicspeed,fuselagebcdiesofhighfinenessratiosmustbe used. For
suchboiliestheskinfrictionmaycomposea majorpartofthetotaldrag,
hence,knowledgeofthemagnitudeoftheskinfrictionis ofgreatimpor-
tancein calculatingperformance.h addition,a knowledgeoftheskin
frictionaidsinpredictingtheeffectsofaerodynamicheating.Oneof
themajorproblemsinestimatingskinfrictionoraerodynamicheating,
however,liesinthedifficultyofpredictingatwhatpointonthebcdy
transitionfromlaminarto turbulentboundarylayerflowwilloccur.
TheNationalAdvisoryCommitteeforAeronautics,consequently,has
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undertakena generalinvestigationofskinfrictionandboundary-layer
tmnsitionat supersonicspeeds.Onephaseofthisgeneralinvesti-
gationconsistsofa coordinatedresearchprogramto evaluatethescale
effectona parabolic-baiyresearchmissilelmownastheNACAFM-10.
VariousscalemcdelsofthismissilehavebeentestedinNACAsupersonic
windtunnels(references1 to 3), andbothfull-andhalf-scalemdels
havebeentestedinfreeflight(reference).Theuseofbothwind-
tunnelandfree-fli@ttestfacilitieshasenableddatatobe obtained
ata fewwidelyscatteredintervalsovera widerangeofReynoldsnum-
bers;forexample,”2:6x 106to 90,x106ata Machnumberof1.6. In
general,thesestudiesofskinfrictionandboundary-layertransition
werelimitedto an angleofattackofOO.

ThispresentyaperpresentsresultsobtainedonanRM-10mcxlelat
a Machnumberof1.6 in therepoweredLangley~ ‘by~foot supersonic
pressuretumnel,whichallowedtheReynoldsnumbertobevariedcontinu-
ouslyfrcmabout2 x 106toabout@ x 106. Testsweremadeat zero
angleofattackwith-naturalandartificiallyfixedtransitionanda
comparisonismadeoftheresultswithotherexistingtits.

.
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dragcoefficient‘*

body -

free-streamMachnumber
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pressurecoefficient—
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free-streamstaticpressure

localstaticpressure

free-stresmdynamicpressure. @%$

.Reynoldsnumberbasedonbodylengthandfree-streamvelocity

velocityinsideboundarylayer ,
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x/L distance

Y distance

7 ratioof

fromnoseofmciielinbaly.
lengths

normalfrombaiysurface

specificheatsforair (1.4)

3

incompressibleboundary-layermomentumthickness

‘i (J#P-~)dy)

Subscripts:

f skinfriction

1? forelxiiypressuredrag

B averagebase

APPARATUSANDMETHODS

WindTunnel

ThepresenttivestigationwasconductedintheLangley~ by k-foot
supersonicpressuretunnelwhichisa rectangular,closed-thrwt,
single-returntypeofwindtunnelwithprovisionsforthecontrolof
thepressure,temperature,andhumidityoftheenclosedair. Changes.
intest-sectionMachnumber-areobtainedbydeflectingthetopand
bottomwallsofthesupersonicnozzleagainstfixedinterchangeable
templetswhichhavebeendesignedtoprduceuniformflowinthetest
section.Withtherecentinstallationofnewandmorepowerfuldrive
motorsthetun@ operatingrangeisfromabout1/8to @—atmospheres

4
stagnationpressureovera nominalMachnumberrangefrti1.2to 2.2.
Theturbulencelevelofthetunnelisasyetundetermined.Forquali-
tativevisual-flowobse~ation,a schlierenopticalsystemisprovided.

.
Forthetestsreportedhereinthenozzlewallsweresetfora Mach

numberof1.6. At thisMachnumber,thetestsectionhasa widthof
4.5feetanda heightof4.4feet.Duringthetests,thedewpointwas
keptfrombelow-35°F at theloweststagnationpressuretobelow-20°F
at thehighestvaluessothattheeffectsofwatercondensationin the
supersonicnozzlewerenegligible.

ffiii%-titiimy... ..
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Model

A sketchoftheIM-10model,@vingpertinentdimensionsandcon-
!. structiondetails,is shownin figure1 anda photographofthemcdel

ispresentedas figure2. Thebcdyhasa parabolic-arcprofilewitha
basicfinenessratioof15. Thepointedsternhasbeencutoffat
81.25percentofthelength,however,sothattheactualbdy hasa
bluntbaseanda finenessratioof12.2.Thepresentmcdelhasa len@h
of50inchesanda m~ diameterof4.096inches.

Themcdelwasconstructedof steelandduraluminin foursections.
Thejointsbetweenthesectionswerecarefullysealedandfaireduntil
no discontinuityatthesurfacecouldbe detected.Bdy contoursare
esthnatedtobe accuratetowithinabout0.006inchontheaverage,with
a~ deviationof0.020inch.Theoriginalsurfaceroughnessesas
determinedbya Brushsurfaceanalyzerwereabout6 root-mean-square
microinchesonthesteelsections,andabout14root-mean-squaremicro-
inchesontheduraluminpartswithmaxirmmpeaktovalleyroughnessesof
12and50microinchesfortherespectivemetals.Mostofthetestswere
made,however,withthemcdelpainted,sanded,waxed,andpolishedtoan
averagesurfaceroughnessconsiderablylessthanthatforthemdel in
theoriginalsurfacecondition.No reliablemeasurementsoftherough-
nessofthissurfacecouldbe obtainedbecausethestyluscuttoodeeply
intothesof%surface.Thesurfacewasnotso soft,however,as tobe ,
affectedinanywayduringthetestsinsofarasdemonstratedby repeata-
bilityoftheresults.

Thebcdywasmountedinthetunnelbymeansofa sting,andtotal
dragsweremeasuredonan electricalstrain-gagebalancemountedwithin
the’malel.Basepressuresweredeterminedfrom’four0..O4O-inchoutside-
diametertubesplacedonthestingwiththeopeningsintheplaneofthe
baseat 90°intervalsaroundthesting.Boundary-layerprofileswere
determinedbymeansofa rakeoftubesillustmtedinfigures1 and3.
In ordertokeepthelaginresponseoftherakewithinreasonablelimits
andyetobtaina sufficientnumberofpointmeasurementswithinthe
thinnerboundarylayers,therake-s constructedofO.OkO-inchoutside-
diameter(0.030I.D.)tubing,butthetentubesclosesttothemirface
wereflattenedtoa heightofabout0.02>inchoutsidediame+er
(0.015I.D.)pertube. Therakewasclampedonthestingsothat
boundary-layerprofilesweredeterminedabout1/64inchaheadofthe
baseofthemcdel.A fewchecktestswerealsomadewitha boundary-
layerrakesimilarlyconstructedof0.030-inchoutside-diameter
(0.020I.D.) tubing.Fortheboundary-layervelocity-profiletests,the
backehdofthemcdelwasblockedup’withwoolenwedgestopreventany
motionofthemodelrelativeto therake.No.otherdatawererecorded
atthetime”thesedatawereobtained.
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Techniques,TestsandDataReduction

Duringtheinvestigation,basepressureswerereadsimultaneously
theresultsfromthestrain-~gebalance.Formosttestcondi-

tions,schlierenphotographswerealsomadeto aidininterpreting
results.No photographsarepresentedinthispaper,however,because
theylackedsufficientdetailforsatisfactoryreproduction.

Testsweremadewiththemcdelintheoriginalsmoothcondition;
inthepainted,sanded,waxed,andpolishedcondition;andwithtransi-
tionfixed.Fixingtransitionwasaccomplishedbymeansofa circumfer-
entialringofnumber60Carborundumgrainslocateda half-inchback
fromthenoseandabout1/4inchwideinthedirectionoftheflow.
Thegrainscoveredroughly1/5to1/4ofthesurfaceareawithinthe
ring.

Thetestswerem&lawiththemcdelatzeroangleofattackandin ‘
temperatureequilibrium.Thetunnelstagnationpressurewasvaried
from2 to 33poundspersquareinchwhichgavea Reynoldsnumberrange,
basedonthemcdellengthof50 inches,fromabout-2x 106to 40x 106.

Thetotaldragwasdeterminedfrm strain-gagemeasurementsand
thebasedragfrombasepressures.No bouyancycorrectionsarisingfrom
smallstatic-pressuregradientinthetestsectionwereappliedas
calculationshowedthecorrectionto bewellwithintheexperimental
accuracy.

~ ordertodeterminetheskin-frictiondragofa bodybythis
technique,theforebodypressuredragmustbeknown.Inasmuchaspast
experiencehasindicatedthattheforebcdypressuredragvariesvery
littlewithReynoldsnumber,especiallywhenthebounda~layerremains
lamidaror staysturbulentnearthebase,theforebcdypressuredmg
wasnotdeterminedinthisinvestigationbutwastakenfromtheexperi-
mentalresultspresentedinreference3 fora geometricallysimilarbut
slightlysmallermaiel.Theseforebcdy-pressure-dragcoefficientswere,
accordingtothereference,0.041whenthebounda~layerwasessen-
tiallylaminarandO.0~ whenthebounda~layerwasmadeturbulentby
fixingtransition.A @ot ofthepressuredistributionsfromwhichthe
coefficientswerederivedis shownh figure4. Theplotalsoshowsthe
extentofthefavorablepressuregradientoverthebody. Itwasassumed
thattheabovevaluesof forebody-pressure--gcoefficientdidnotvary
withReynoldsnumberexceptto changefromthelaminartoturbulent
valuesintheReynoldsnumberrangenear10x 106. Thisrawe was
chosenonthebasisofskin-frictionandboundary-layer~profileresults
whicharediscussedsubsequently.In actuality,thet?xumitionin
forebdy-pressure-dragcoefficientsprobablywillnotbe asabruptas
assumedbuttheactualvariationisnotknownand,inanycase,the

,
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difference.betweenthecoefficientsis small.Withtransitionfixed,
c% wasassumedconstantat theturbulentvaluesof0.044.Withthe

forebdypressuredragthusestimated,theskin-frictiondragwasdeter-
minedby subtractingthebaseandestimatedforebodypressuredragsfrom
thetotaldrag.

Skin-frictioncoefficientsfrcxutheboundary-layer-pressuredata
wereobtaindby thelosstimomentumtechniqueoutlinedinreference5
togetherwithan assumedtemperaturerecove~factorof0.88,a value
reasonablyapplicabletobothlaminarandturbulentflow.

PrecisionofData

Streamstieysobtatiedattunnelstagnationpressuresof15and
30poundspersquareinchwithemptytestsectionindicatethat,in
‘general,themeemvalueofMachnumberintheregionoccupiedby the
modelin thetestnozzlewas1.61andthatthevariationaboutthismem
waslessthan0.6percent(figl5). Someevidence(wallstaticpres-
sures)ofa slightdecreaseintest-sectionMachnumberwas‘foundfor
tunnelstagnationpressuresofabout4 poundspersquareinchandbelow,
butsufficientdataarelackingto establishtheaccuracyofthisindi-
cationfortheflowat thecenterofthe-testsection.Calculations
showedthattheeffectof”thedecreasedMachnumberontheaerodynamic
coefficientswassmall.No significantirregularitiesin stream-flow
directionintheregionoccupiedby themdel werefoundto exist.

Thevariouscoefficientspresentedinthepaperareestimtedto
be accuratewithinthefollowinglimits:

DragcoefficientCD. . . . . . . . . . . . . . . . .*3 to*4percent
Forebodypressuredragcoefficientcm. . . . . . . . . . . .*0*003

Basedragcoefficientc%...””””””””””””””” “*0”001
Skin-frictiondragcoefficientCDf . . . . . . . . ● . . . . .50.004

BasepressurecoefficientPB . . . . . . . . . . . . . . ● . .*O.003

RESULTS

Effectsof

ANDDISCUSSION

SurfaceCondition

the
the

ThebasicresultsofthedraginvestigationoftheRM-10bcdyover
Reynoldsnumberrangeareshownin figures6 to 9 forthemodelin

“

smoothconditionandwithboundary-layertransitionfixednearthe

~ccNl?li&Iir-J
,
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nose. Initially,smooth-mcdeltestsweremadewithonlynormalpre-
cautionstokeepthemcdelclean.A ratherlargescatteringofdata
occurredintheReynoldsnumberrangewheretheskin-frictiondragcoef- ~
ficientincreasedabruptlywith R (thatis,intheReynoldsnumber

rangefran7 x 106to15x 106)andtestpointsoftencouldnotbe
repeated.Becauseoftheseundesirableconditions,themcilelwascare-
fullycleanedbeforeeachrun. AftertestingthroughtheReynoldsnum-
berrangeh thecarefullycleanedconditionforbothincreasingand
decreasingReynoldsnumbers,themodelsurfacewasrefi&hed as smooth
aspossiblebypainting,sanding,wzudng,andpolishingandtestedagain
ineachdirectionthroughtheReynoldsnumberrange.Identicalresults
wereobtainedforbothsurfaceconditionswithlarge’scalescatterelimi-
nated;hence,thetestpointsforthetwosurfaceconMtionsarenot
differentiated.ontheplotsandtheearlierscattereddataareomitted.
Inmanyinstancestheomitteddatashowedlargervaluesoftotal,skin
frictionandbasedragthanareshownin figures6 to9, indicatingthe
occurrenceofboundary-layertransitionatlowervaluesof R whenthe
mcdelwasnotaerodynamicallyclean.

DragBreakdown
.

Totaldmg.- ThevariationoftotaldragcoefficientwithReynolds
numberforcarefullycleanedmdels,withandwithoutartificialtran-
sition,is shownin figure6. Inthesmoothsurfaceconditionsthe
totaldragcoefficientdecreasedslowlywithincreaseinReynoldsnum-
berupto a Reynoldsnumberofabout7x 106(seefig.6(a)).At this
point,thetotaldragcoefficientincreasedabruptlyfromaboutO.O&l .
to0.088andthenceremainedapproximatelyconstantto about
R = 10X 106. AbovethelatterReynoldsnumber,thetotaldragcoef-
ficientagainincreased,rapidlyat firstandmoregraduallylater,

untila Reynoldsnumberofperhaps30x 106to 35x 106wasattained.
WithfurtherincreasesinReynoldsnumber,thetotaldragcoefficient
remainedfairlyconstantandperhapsfinallybegantodecrease.

Withtransitionfixed(fig.6(b)),thetotaldragcoefficientwas
generallymuchhigheratthelowerReynoldsnumberanddecreasedslowly
andcontinuouslyoverthecompletetestReynoldsnumberrangeas con-
trastedwiththeabruptchangescharacteristicofthesmoothmodel.At
a Reynoldsnumberintheneighborhoodof35x 106thedragcoefficient
forthesmoothmodelandforthemcxielwithtransitionfixedtendedto
becomeequal(comparefigs.6(a)and6(b)extrapolated),theindication
beingthatnaturaltransitionwasoccurringnearthenoseofthemdel.
h reachingthisconclusion,itwasassumedthattheroughnessdidnot
significantlychangethecharacteroftheboundarylayerotherthanby
initiatingtransition.

<’-:FIDmIAL :
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Ban pressurecoefficientanddrag.-Theaveragebasepressureand
correapnilingbasedragcoefficientsdeterminedontheRM-10inthis
investigationarepresentedinfigure7. Theresultsindicatethat,in
thesmooth-surfaceconditions,thebasepressureatthelowestReynolds
numbersinvestigatedwasonlyslightly,negative,hence,thebasedrag
wassmall. As theReynoldsnumberwasincreased,hot.?’everjthebase
pressuredecreasedsharplyat R = 7 x 106,thepointatwhichthetotal
dragcoefficienthadincreasedabruptly,andthencecontinuedtodecrease
ata somewhatslowerrateup to R=ll x106. Thecorresponding

increasein C~ wasfromabout0.006at R - 6 x 106 to0.036at

R% U x 106. IRromR =“11x 106 to R = 19x 106 thebasepressure
coefficientincreasedandthenbegantodecreaseslowlywithfurther
increaseinReynoldsnunberwith Cn reachinga valueofabout0.035 . I
atthehigliestvaluesof R investigated.

Withtransitionfixedtheabruptchangesinbasepressurewere
eliminatedandthebasepressurecontinuouslyandgraduallydecreased
withReynoldsnumberoverth~testReynoldsnumberrange&om h x 106

tO 27x 106. Abovea Re~oldsnumberofabout19x 106thebasepres- 1
surecoefficientPB and,hence,thebasedragcoefficientC

%
for .

thetransition-fixedconditionwereessentiallythesameasthosefor
thesmoothmcdel. .

Skin-frictiondraR.-Thedifferencesindragbetweenthecurvesof
totaldmg coefficientandforebdyplusbase-pressuredragcoefficient
infigure6 indicatethemagnitudeoftheskin-frictioncoefficient.h
analysisofthe-resultsforthesmoothmodelshowsthatintheessen-
tiallylaminarflowregimetheskinfricticmcomprisedone-thirdofthe
totaldrag;inthecasewherethebasicallyturbulentboundarylayer I

coveredmostofthemodel(naturaltransitionnearnoseofmcdelat

R = 30x 106),theskinfrictionamountedto one-halfofthetotaldrag.
Whentransitionwasartificiallyfixed,theskinfrictioncontributed
abouthalfofthetotaldragovertheentiretestReynoldsnumberrange,
withtheratioofskinfrictiontototal~ beingslightlyhigherat
thelowerendoftheReynoldsnumberrange.

A plotoftheskin-frictiondragderivedfromthedatain figure6
ispresentedinfigure8 ona logarithmicscale.Includedinthefig- \
ureareallskin-frictiondragsavailabletodateontheRM-10at #

M%l.6. Theresultsofthepresentinvestigationindicatethatthe
boundarylayerremainedessentiallylaminar overtheentirelengthof
themodel,includingtheregionofadversepressuregradientnearthe
base,uptoa Reynoldsnumberofabout11x 10b. Atithispointthemain

/_——-—.-–––,-
-m~-
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dragriseduetoboundarylayertransitionbeganand,withfurther
increaseinReynoldsnumber,transitionmovedforwardprogressively

untilat R = 35x 106to 40x 106 itapparentlyoccurredcloseto the
noseofthemodel.In correlatingthepresentskin-frictionresults
withthebasecoefficients,it isnotedthatthebeginningofthemain
dragriseduetotransitionat R = 11x 106 (fig.8) apparentlycoin-
cideswiththepeakofthepressurebumpinthe pB curve(fig.7).

Sincetheexperimentalskin-frictiondragincreasedsorapidly
above R = 11x 106,an analysiswasmadeonthebasisofthetransition
curve(fig.8) ofthetransitionReynoldsnumbersbasedonthedistance
fromthemdel apextothepointwheretransitionoccurred.Thecalcu-
lationsrevealthatthistransitionReynoldsnumberdecreasedgradually

fromabout11x 106toapproximatelyhalfthisvalueorlessas thetest
Reynoldsnumberbasedonbodylengthincreasedfrom.11x 106to 40x 106
eventhoughthetransitionregionprogressivelymovedforwardintothe
influenceofa moreandmorefavorablepressuregradient.At thepresent
time,sufficientdataarelackingtodeterminewhethertheapparent
decreaseintransitionReynoldsnumberwithincreaseintunnelpressure
isprecipitatedby an increaseintunnelturbulencelevelwithincrease

. instagnationpressureor isinfluencedby somefactorsuchasthe
increasedsurface-roughnesstoboundary-layer-thicknessrationearthe
modelnose.

Thepresentdataagreefairlywellwiththoseobtainedat low
Reynoldsnumbersfora smallerRM-10modelintheLangley4-by k-foot
tunnelbeforeitwasrepoweredandwithsomeresultsobtainedinthe
Langley9-inchsupersonictunnel.Thesameforebcdypressuredragwas
usedinreducingdataintheseinstances.At*thehigherReynoldsnum-

berof 30x 106thepresentresultsareingoodagreementwiththeskin-
frictiondataobtainedonanRM-10intheLewis8-by 6-foottunnel
(reference1);whereasa comparisonofthepresentresultswiththose
obtainedat M = 1.52 onanRM-10intheAmes1-by 3-foottunnel
(reference2)indicatesthatboundary-layertransitioninthatfacility
apparentlyoccurredatmuchlowerReynoldsnumbersthaninthepresent
investigation.The’existenceofthediscrepancyprobablycanbe
ascribedtotheeffectsofwind-tunnelturbulence(theAmes1-by
3-foottunnelisa butterfly-valvecontrolledblowdowntunnelwith
smallercontractionratiothantheLangley4-by k-fobtsupersonicpres-
suretunnel)or otherflowirregularities(forexample,comparetheMach
numbervariationsoftO.01inpresentteststoiO.02intheAmesinvesti-
~tion). Thecomparisonappearsto showthattheproblemofturbulence
in supersonicwindtunnelsisimportant,justas it isin low-speedwind
tunnels,andpointsouttheneedforestablishingwind-tunnelturbulence
levelsandeliminatinganylargeflowdisturbancesbeforeanysignificant

e~:. ‘
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analysisofskinfriction,basepress~e,bou&lary-layertmmsition,and
shock-boundary.layerinteractioncanbemde at supersonicspeedswithin
theReynoldsnumberrangesnowunderirrvesti~tion.

Theskin~frictionresultsobtainedin freeflightbyme.a&of
boundary-layersurveysonfull-scalemoielsat R = 85x 106 (unpub-
lished)and R = 112x 106 (reference5)arenotintoogod an agree-
menttiththeextrapolatedcurveofthepresentinvestigation.Too
muchimportanceshouldnotbeplacedupohthiscomparison,however,as
theheat-transferconditionsfortheseflight-testpointscorrespondto
thoseofa skinfarcolderthanthatexistingforthezero-heat-@ansfer
co@itionsofthewind-tunneldata.A theoryfortheeffectofheat
transferon skinfrictioninturbulentboundarylayersformulatedby
VanDriest(forexample,reference6)accountsforappro-tely one-
thirdofthedifferencebetweentheflight-testpointsandthetunnel
resultsextrapolatedalongtheturbulentcurve.

Ingeneral,thepresentexperimentalskin-frictioncoefficients
wereingoodagreementwiththetheoreticalcoefficientscomputedwith
theaidofManglerstransformation(reference7)andwiththeparabolic
profileofthebodytakenintoaccount.Thebasicflat-platebounda~-
layertheoriesusedtomakethecalculationsweretheChapm and
Rubesintheory(reference8) forlaminarboundarylayersand’theextended .
FranklandVoishalmethal(reference9) forturbulentboundarylayers.
Forlaminarflow,thecalculationsindicatean increaseof9 percentin
skin-frictionfortheFM-10overthatofa flat’plate.Witha turbulent
boundarylayer,theincreasein skinfrictionlisonlyabout2 percent.
Recentl~,Van.Driest(reference6)deriveda relationshipbetweenthe
turbulentskinfrictionona conerelativetothatona flatplatewhich,
whenappliedtotheReynoldsnumberrangeofinteresthere>indicatedan
increasein coneskinfrictionof12to 13percent.Fora parabolicbody
theincreasewillbe somewhatless.Theexperimental’data,however,
appeartobe inbetteragreementwiththesmallerincreaseWcated by
Manglerstransformation.

ResultsofBoundary-LayerSurveys

Velocityprofiles.-Theboundary-layervelocityprofilesdetermined
at thebasearqpresentedin figure9. At thelowerReynoldsnumbers
wheretheboundarylayerwasregardedas laminaratthebaseofthe
mcdel,thetotalpressurenearestthesurfacewashigherthanthetotal
pressureimmediatelyfurtherout,sothata highcalculatedvelocity
ratioresultednearthesurface.Thiseffectwasalsofoundwitha
pressuretuberakemadefrom0.030-inchoutside-diametertubing.This
apparentexcessoftotalpressuremaybe theresultofthetubenearest
thesurfacebeingina largetotalpressuregradient,therakebeing

__., _
cf3gmnu’ ~-——. ._”
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locatedtoocl,oseto thebaseofthebcdy,orboundary-layerseparation.
Theuseoftheusualcorrectionfactorsfortubesclosetothesurface
(reference10)didnotleadtoanysignificantimprovementsinthe
velocitydistributions,hence,thecorrectionshavenotbeenincorpo-
ratedinthedataoffigure9. It isdifficultto foreseehowthe
locationoftheraketoonearthebaseorboundary-layerseparation
couldresultinhightotalpressuresnearthesurfacebutthepressure
dataoffigure4 do indicatethepossibilityofflow_separationnear
thebaseofthebcdywhentheboundarylayerislaminarandthepres-
suretuberakeitselfmayhaveinducedseparation.Sinceitisnot
knownwhichone,ifany,oftheabovefactorsisresponsibleforthe
highreadingsofthetubenearestthesurface,thedatafromthattube
weredisregafiedin fairingtheboundary-layerprofilesandtheinte-
gratedskin-frictionresultsmay,therefore,be somewhatquestionable.
ThisUncertatity,however,shouldhaveno effecton thequ~itative
valueoftheresults.

Inanyevent,upto R = 9.2x 106 thenondimensionalexperimental
velocityprofilesareallpracticallyidenticalandhaveChamcteristics
verysimilarto thoseofthe.Blasiusprofile,exceptfora smalldis-
placementoftheexperimentalprofileto smallervaluesof y/@i

(fig. 9). At Reynoldsnumbersof11.3x 106 orgreatertheexperi-
mentalprofilesareagainidenticalin shapebutthehightotalpres-
suresnearthesurfacehavedisappearedandtheprofileshavemoreof
thecharacteristicsofturbulent-boundary-layerprofiles.Thebesta@ee-
mentoftheexperimentalvelocityprofilesathighReynoldsnumberswas
foundwithanapproSmately~-powerprofile.Theboundary-layersurveys

thusshowan apparentchangefroma laminarto turbulentboundary-layer
profileanda changefromdecreasingto increasingmomentumthiclmessOi

intheReynoldsnumberrangebetween9.2x 106and11.3x 106whichare
characteristicsoftransitionandingoodagreementwiththetransition
Reynoldsnumberrangeindicatedby theforcetests.

Skinfriction.-Theskin-frictionhag coefficientscomputedfrom
themomentumlossintheboundarylayerareplottedin figure8. The
resultsareinqualitativeagreementwiththeforcedataas toboththe
pointofbeginningofboundary-layert~sition andtherelativemagni-
tudesoftheskin-frictioncoefficientswiththeboundarylayersboth
laminarandturbulent.

SUMMARYOFRESULTS

An investigation
Reynoldsnumberrange

hasbeenmadeata Machnumberof1.6andovera
frcm2 x 106to 40x 106oftheskin-friction

- ...— .- — . . . — — —--- —z—— .. . -..— .—..”—. ...— _ ..—... —.—----- - .
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dragandboundary-layertransitionofa bodyofrevolution.Thebcdy
hada parabolic-arcprofile;a bluntbase,anda finenessratioof12.2
(NACAM-lo). Theresults-cate that:

1.Theboundarylayerremainedessentiallylamin.arovertheentire
lengthofthemodel,includinga regionofadversepressuregradient
nearthebase,uptoa Reynoldsnumberofaboutl.1x 106. At thispoint
theMin dragriseduetoboundary-layertransitionbeganand,with

‘furtherincreaseinReynoldsnumber,transitionmovedforwardprogres- ‘
sivelyuntilat a Reynoldsnumberof about35x 106to 40x 106tran-
sitionapparentlyoccurredcloseto thenoseofthemodel.

2.Jntheessentiallylaminarflowregime,theskin-frictioncom-
prisedaboutone-thirdofthetotaldrag;inthecaseinwhichthe
basicallyturbulentboundarylayercoveredmostofthemrxlel,theskin
frictionamoudmlto one-halfofthetotaldrag.

3. Bound.a~-layertransitionwasverysensitiveto su@acecondi-
tionandoftenoccurredat lowerReynoldsnumbersifthesurfacewasnot
maintainedaerodynamicallyclean.

4.Wind-tunnelturbulencelevelsandotherflowirregularitiesin
supersonicwindtunnelsappeartohavea largeeffectontransitionat
supersoncspeeds.

5. Thems+yitudesof skin-frictiond.ragcoefficientsdetermined
fromboundary-layerprofilemeasurementswereinqualitativeagreement
withthoseobtainedfromforcetests,andthepressuredatasubstantiate
theforcetestresultsas regafisboundary-layertransition.

LangleyAeronauticalLaboratory
NationalAdvisoryCommittee

LangleyField,Va.
forAeronautics
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